ABSTRACT In Xenopus gastrula stage embryos, four isoforms of Tcf1 (B, C, D and E) are present with high amino acid sequence conservation compared to fish, mice and human. We studied possible functional differences between these Tcf1 isoforms during early Xenopus development. After overexpression of single Tcf1 isoforms, two distinct phenotypes were observed. Overexpression of the B or D isoforms of Tcf1, which both lack a C-clamp, enhances early canonical Wnt signaling and induces ectopic dorsal mesoderm at the expense of ventrolateral mesoderm prior to gastrulation, causing severe antero-dorzalization of embryos. Overexpression of the E-isoform, which contains a complete C-clamp, does not induce ectopic dorsal mesoderm, but rather leads to severe caudal truncation. Overexpression of the C-isoform, which contains a partial C-clamp, induces a similar phenotype. Mutation of a single amino acid in the C-clamp, known to produce a hypomorphic mutant in D. melanogaster, led to a gain of function in inducing ectopic organizer tissue, as observed after overexpression of the B or D isoforms of Tcf1. Depletion of the C-clamp exon from the zygotic mRNA pool, by injection of a morpholino oligo that targets the splice acceptor site of the exon containing the C-clamp, caused a severe shortening of the AP-axis. Furthermore, embryos showed poor development of the CNS, paraxial mesoderm and primary blood vessels. In situ hybridization analysis showed that Lef1 expression was downregulated at the mid-hindbrain boundary, in the otic vesicles and the branchial arches. The results indicate that in post-gastrula stage Xenopus embryos, the E-tail of Tcf1 is required for expression of Lef1 and for blood vessel formation.
Introduction
Lef/Tcf transcription factors play essential roles during embryonic development, organogenesis and in tissue homeostasis. Interaction of Lef/Tcf proteins with beta-catenin mediates Wnt-induced transcriptional activation of target genes (Logan and Nusse, 2004; Cadigan and Waterman, 2012; Schuijers et al., 2014) . This signal transduction system has an ancient origin (Kraus et al., 2016) . Lef/ Tcf proteins can also act as transcriptional repressors by binding to Groucho/Transducin-Like Enhancer of split (TLE) proteins that function as co-repressors by interacting with histone deacetylases whose activity leads to the generation of transcriptionally silent chromatin (Roose et al., 1998; Li et al., 2014) .
All Lef/Tcfs contain a high mobility group (HMG) box that can bind to a core eight nucleotide binding site (Dooijes et al., 1993; Van de Wetering et al., 1992) . It is not until the binding of the coactivator beta-catenin that the promoters of many Wnt target genes get activated (Logan and Nusse, 2004; Clevers, 2006; Cadigan and Waterman, 2012; Schuijers et al., 2014) . In vertebrates, the Lef/Tcf family consists of four members: Tcf1 (Tcf7), Lef1, Tcf3 (Tcf7l1) and Tcf4 (Tcf7l2).
Lef/Tcfs encode multiple splice variants (van de Wetering et al., 1996; Howng et al., 2004; Weise et al., 2010) and conserved functional domains have been determined. In Xenopus, Tcf4 produces alternative peptides flanking exon VI that are important for activation or repression of the promoters of Wnt target genes (Pukrop et al., 2001) and that are determining in inducing a secondary axis upon overexpression in Xenopus embryos (Gradl et al., 2002) . Alternative expression of different isoforms of Tcf4 was demonstrated to be essential for specifying the CNS (Kunz et al., 2004) .
The E-isoforms of TCF1 and TCF4 contain a unique DNA binding domain called cysteine(C)-clamp that converts these proteins into strong Wnt effectors (Atcha et al., 2003; Weise et al., 2010; Cadigan and Waterman, 2012; Wallmen et al., 2012; Hoverter et al., 2014; Ravindranath and Cadigan, 2014) . This domain was first discovered in TCF1 and TCF4 (Atcha et al., 2003; Atcha et al., 2007) and is also present in invertebrate TCFs (Cadigan and Waterman, 2012) . The C-clamp from TCF/Pangolin is a zinc-binding domain with the four conserved cysteines coordinating a zinc ion (Ravindranath and Cadigan, 2014) . It is sufficient for binding to helper sites, that are critical for activation of Wnt/b-catenin regulated cis-regulatory modules (Chang et al., 2008; Hoverter et al., 2012) . The C-clamp of TCF/Pangolin also binds to the HMG domain and inhibits this domain from binding to its cognate DNA site (Ravindranath and Cadigan, 2014) .
The C-clamp of TCF1 is required for the strong activation of Lef1 promoter constructs in COS cells (Atcha et al., 2003) . Aberrant activation of full length Lef1 has been shown to be Wnt regulated in colorectal cancers, which may thereby link the incidence of splice variants to cancer progression Li et al., 2006) .
In mammals TCF1 is subject to extensive alternative splicing resulting in at least seven different C-terminal isoforms (van de Wetering et al., 1996) . The Tcf1 isoforms described in Xenopus and zebrafish show high conservation in their amino acid sequence (Roël et al., 2003; Veien et al., 2005) . No studies have been reported on possible functional differences between Tcf1 isoforms during early development of Xenopus. Here, we show that the effects of ectopic XTcf1 isoform over-expression depend on the presence or absence of the C-clamp. Overexpression of isoforms that do not contain the C-clamp led to antero-dorsalization of the injected embryos due to expanded dorsal mesoderm formation. Inactivation of the C-clamp, in a way that was shown to produce a hypomorphic Wingless mutant in flies ( Van de Wetering et al., 1997; Ravindranath and Cadigan, 2014) , led to loss of specificity, the obtained phenotype was similar to that of embryos with overexpressed isoforms missing the C-clamp. Furthermore, we show that the C-clamp of XTcf1 is required for the expression of Lef1 in the vascular system and the brain during early development.
Results

Differences in response to ectopic overexpression of XTcf1 isoforms depend on C-terminal sequences
Because no studies were reported on the role of different XTcf1 isoforms during early development, we initiated a functional analysis of the four C-terminal isoforms that were shown to be present in Xenopus embryos (Roël et al., 2003) . Fig. 1a shows a schematic drawing of the genomic organisation of XTcf1. In gray are depicted the conserved domains which together comprise the C-clamp (Atcha et al., 2003; Cadigan and Waterman, 2012) . XTcf1E contains the complete C-clamp, while XTcf1C only contains the first 20 residues of the 29 amino acid motif. Alternative splicing of exon X to exon XII results in isoforms XTcf1B and XTcf1D. This occurs at different splice acceptor sites and in different reading frames in exon XII, which generates unique amino acid sequences 3' of the nuclear localization signal (Fig. 1B, in bold) .
Expression constructs were made for all four XTcf1 isoforms and capped mRNAs were generated by in vitro transcription. Injection at the 2-cell stage of 200 pg of XTcf1 mRNA in X. tropicalis embryos resulted in two distinct phenotypes (Fig. 1C -1G ). Overexpression of isoforms XTcf1B and Xtcf1D, which both lack the C-clamp, resulted in a strong antero-dorsalization of the injected embryos ( Fig. 1D and F) , with a DAI index of 8 to 9 (according to Kao and Elinson, 1998) . This was frequently accompanied by (partial) axis duplication as indicated by the presence of a second cement gland ( Fig. 1D and F, white arrowhead), for statistics see Fig. 3D . Overexpression of isoforms XTcf1C and XTcf1E, did not lead to antero-dorsalization but resulted in a caudal truncation of the embryos ( Fig. 1E and G) . Doubling the amounts of XTcf1C or XTcf1E mRNA produced similar results. A caveat for these and further data is that different (mutant) XTcf1 mRNAs and proteins may be unstable or misfolded.
We analyzed the expression patterns of the organizer genes Chordin and Goosecoid as well as the ventro-lateral genes Wnt8 and Cdx1 during gastrulation of XTcf1 injected embryos to investigate if the differences in phenotypes observed at tailbud stages are due to defects at earlier stages (Fig. 2) . From the expression patterns of Chordin and Goosecoid in the XTcf1B and XTcf1D injected embryos it became clear that the antero-dorsalization seen at later stages was dependent on ectopic 'early' WNT signaling on the ventral side of the embryo (Smith et al., 1991) . Ectopic dorsal mesoderm originated in the embryos at the expense of ventro-lateral tissues, as indicated by the absence of Wnt8 and Cdx1. Embryos injected with either XTcf1C or XTcf1E did not show changes in expression patterns of Chordin and Goosecoid, indicating that mesoderm induction and gastrulation were relatively normal.
To further investigate how the specificity of XTcf1 is dependent 
TCF1B: GKRKRRTREKHQDSSS GGKRSAFGTYKEKDDVAAQFLPMEVL TCF1C:
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on its C-terminus we generated two constructs (Fig. 3A) . Substitution of an alanine for a valine in the C-clamp leads to a hypomorhic mutation in D. melanogaster (Van de Wetering et al., 1997) . Therefore we made one construct containing an alanine to valine transition in XTcf1E (CRVRF). The other construct carried a premature stop directly 3' of the exon that contains the nuclear localization signal and lacks the C-terminus (deltaC). Injection of XTcf1-deltaC induced circular organizers (Fig. 3) , similar to XTcf1B and Xtcf1D (cf Fig. 2 ). Embryos injected with XTcf1-CRVRF also showed an expansion of the expression of Chordin (Fig. 3B) .
To quantify the different effects of XTcf1 isoforms, double axis formation was analysed at neurula stages (Fig. 3D) . Injection of XTcf1E-deltaC mRNA in the most animal part of X. laevis embryos prior to the first cleavage induced an ectopic axis in 51% of the embryos (33/65) while injection of XTcf1E induced an ectopic axis in only 2% (1/62). Mutation of the C-clamp in XTcf1E-CRVRF led to an increase in double axis formation to 29% (18/62). In the remaining cases where no obvious ectopic axis had formed all neural plates were broadened. This phenomenon was never observed in XTcf1E injected embryos and may represent intrinsic differences between the isoforms which cause these defects at later stages.
Isoforms XTcf1 E and C are required for Lef1 expression and angiogenesis
To study the function of the Cclamp of XTcf1 during early Xenopus development we generated a specific knockdown of C-clamp containing XTcf1 isoforms by injecting a morpholino targeting the splice acceptor site of exon X that contains the C-clamp. This way we generated a zygotic loss of the Cclamp of XTcf1 (Fig. 4A) . RT-PCR analysis with the reverse primer on the exon containing the C-clamp revealed a clear downregulation of the C-clamp after gastrula stages (Fig.  4A) . C-clamp-depleted embryos ( Figure 4B and B') typically showed a shortening of the AP axis, aberrant pigment formation and abnormal development of the eyes. Sectioning of the embryos showed that somites, notochord and CNS formed, but were reduced and not well differentiated ( Fig. 4C and  C' ). The most striking effects were on angiogenesis as indicated by the absence of the major blood vessels: aorta, posterior cardinal veins and fin artery (Fig. 4D and D' ). This phenotype is very similar to that observed after depletion of Lef1 (Roël et al., 2009) .
It has been shown that the E-tail of TCF1 is required to activate the LEF1 promoter in different cell lines (Atcha et al., 2003) . To test in vivo if Lef1 expression is regulated by the C-clamp of XTcf1 we injected low amounts of C-clamp morpholino (10 ng) and analyzed Lef1 expression in stage 32 embryos by in situ hybridization. At that stage, Lef1 is a robust marker for the mid-hindbrain boundary, the otic vesicles and the branchial arches (Molenaar et al., 1998) . In C-clamp-depleted embryos, Lef1 expression was downregulated in these tissues, indicating a role for the C-clamp of XTcf1 in the activation of the Lef1 promoter in vivo.
Discussion
Differences in response to ectopic overexpression of XTcf1 isoforms
In X. laevis and X. tropicalis gastrula stage embryos four isoforms of XTcf1 (B, C, D and E) are present that show high amino acid sequence conservation compared to fish, mice and human (Roël et al., 2003) . Of these XTcf1 isoforms only the E-isoform contains a complete C-clamp (Fig 1) . The Xtcf1C isoform contains only the first 20 residues of the 29 amino acid C-clamp and therefore lacks the second basic amino acid stretch and the fourth cysteine (Ravindranatha and Cadigan, 2014). TCF1C isoforms are also found in fish (Veien et al., 2005) and human (van de Wetering et al., 1996) . The expression pattern of XTcf1 has been described (Roël et al., 2003) but it is not known where and when the different isoforms are expressed. We show that overexpression of XTcf1B and XTcf1D causes severe antero-dorsalization, while overexpression of XTcf1C or XTcf1E does not induce ectopic dorsal mesoderm but causes caudal truncation of the injected embryos.
The results presented here for XTcf1B and XTcf1D confirm and extend earlier results (Janssens et al., 2013) . Activation of direct target genes after Tcf1 B or D overexpression, like Foxd3 (Janssens et al., 2013) , is supposed to take place through Wntresponsive elements, after recruitment of b-catenin (Logan and Nusse, 2004; Cadigan and Waterman, 2012; Schuijers et al., 2014) . Overexpression of XTcf1B leads to the upregulation of many genes expressed at the dorsal side of the embryo as found by microarray analysis of early gastrula stage embryos (van den Broek and Destrée, unpublished results) including known direct beta catenin/Tcf target genes like siamois, nr3, dkk1, foxd3 and the indirect targets chordin and goosecoid (Fig. 2) . On the other hand, genes known to be expressed in the ventrolateral zone of gastrula stage embryos, like wnt8 and cdx1, were downregulated ( Fig. 2) amongst others, like sizzled, mespo, delta2 and cdx4.
Our over-expression studies show that XTcf1E and XTcf1C induce a different phenotype and a different response of target genes compared to XTcf1B and XTcf1D. XTcf1E contains a complete C-clamp with all four essential cysteines present (Ravindranath et al., 2014) . C-clamp containing isoforms of TCFs have been shown to be potent transcriptional regulators with an expanded transcriptome directed by C-clamp-Helper site interactions (Hoverter et al., 2014) . The C-clamp enables targeting to a greater number of gene loci for stronger occupancy and transcription regulation (Hoverter et al., 2014) . To our surprise, classical dorsal genes such as Chordin, and Goosecoid were not hyper-activated at gastrula stages by overexpression of XTcf1E (Fig. 2) , but at tailbud stages severe caudal truncation was observed (Fig. 1) . Wallmen et al., (2012) have demonstrated that in embryonic stem cells Tcf1/ Tcf4-dependent gene responses to Wnt are primarily mediated by C-clamp-containing Tcf1E and Tcf4E splice variants. Furthermore these authors showed that overexpressed Tcf1E cannot invade silent chromatin. These results could explain why overexpressed XTcf1E does not (hyper)activate endogenous targets at gastrula stages. The late effects of XTcf1E overexpression observed at tailbud stages may be explained by the findings of Ravindranath and Cadigan (2014) that the C-clamp binds to the HMG domain and inhibits it's ability to bind DNA. This way 'late' Wnt responsive genes may be targeted resulting in their downregulation. To explain the effects of XTcf1C overexpression, which are similar to those of XTcf1E, is more difficult. The last cysteine of the C-clamp is required for activation of a W-CRM reporter in Drosophila cell culture (Ravindranath and Cadigan, 2014) . A C-clamp containing this mutation was still able to a minor extent to bind in vitro to a 
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Tcf1 in Xenopus development 33 HMG-Helper site probe (Ravindranath and Cadigan, 2014) . Possibly, overexpressed XTcf1C, though with limited binding capacity, still has inhibitory activity. A Tcf1C isoform is also present in zebrafish embryos at 24 hours postfertilization (Veien et al., 2005) , suggesting a conserved function. Our overexpression data contrast with the findings of Standley et al., (2006) that depletion of maternal XTcf1 abrogates expression of Wnt target genes ventrally and laterally, and activates their expression dorsally. Zygotic knockdown of XTcf1 has different effects (Liu et al., 2005) . Together these results indicate that a delicate timing and localization of expression of different XTcf1 isoforms is necessary during early and later phases of Wnt signaling in the Xenopus embryo.
Isoforms XTcf1 E and C are required for Lef1 expression and angiogenesis
Possible target genes of XTcf1E may differ to a great extent from the targets of XTcf1B or XTcf1D (Hoverter et al., 2014) . We opted for Lef1 as a possible target of XTcf1 after gastrulation because Lef1 was able to rescue XmyoD expression after zygotic XTcf1 knockdown (Liu et al., 2005) and LEF1 is a target of TCF1 in colon cancer (Atcha et al., 2003) .
We show that Lef1 expression is downregulated, as determined by in situ hybridization, in Xenopus postgastrula stage embryos by loss of function of the C-clamp of Tcf1. The phenotype of the resulting embryos at tailbud stages (Fig. 4) is similar to that seen after depletion of Lef1: a strong reduction of caudal structures, mesoderm derivatives and underdeveloped CNS (Roël et al., 2009) . Histological analysis of XTcf1 C-clamp depleted embryos showed that somites, notochord and CNS formed, but that these tissues are reduced in size and are poorly differentiated. The most striking effects were on angiogenesis as shown by the absence of the major blood vessels: the aorta, posterior cardinal veins and fin artery. These effects are very similar to those observed after depletion of Lef1 (Fig. 4 and Roël et al., 2009) . Our results indicate that expression of the (partial) C-clamp containing isoforms of XTcf1, XTcf1C and XTcf1E, is required in post-gastrula stage Xenopus embryos for expression of Lef1 and for blood vessel formation.
E-tail specific activation of the LEF1 promoter was observed in different cell lines (Atcha et al., 2003) . In COS cells two Wnt response elements are required for a strong activation of the Lef1 promoter and activation of the promoter occurs exclusively by TCF forms that contain the C-clamp (Atcha et al., 2003) . In human EAhy926 endothelial cells, Lef1 promotes endothelial cell invasion and regulates matrix metalloproteinase-2 expression (Planutiene et al., 2011 ). Phng et al. (2009 showed that The Notch-regulated ankyrin repeat protein (Nrarp) acts as a molecular link between Notch-and Lef1-dependent Wnt signaling in endothelial cells to control stability of new vessel connections in mouse and zebrafish.
Further study is necessary to determine if crosstalk between Tcf1 and Lef1 is of general importance for angiogenesis in the embryo, during organogenesis and in tumor formation.
Materials and Methods
In situ hybridization
Probes were generated via RT-PCR and cloned in pGEM-T easy vectors (Promega) or generated by in vitro transcription directly from an RT-PCR with T7 overhang on the reverse primer. Digoxygenin-labelled antisense probes were synthesized by use of the Ambion Maxiscript kit with digoxigenin-UTP (Roche). Whole-mount in situ hybridization procedures were as described (Molenaar et al., 1998) with the modification that hybridization was at 65C and no RNase treatment was performed when probes were used from X. tropicalis.
Morpholino oligo and mRNA injections
XTcf1 expression constructs were cloned in pT7TS after RT-PCR. Constructs were sequenced to check for a full length product. Capped mRNA was synthesized with Ambion mMessage mMachine kit after linearization with XbaI. Embryos were injected with 200 pg (X. tropicalis) or 400 pg (X. laevis) of mRNA. Embryos were fixed in MEMPFA (100 mM MOPS, 2 mM EGTA, 1 mM MgSO4, 4% paraformaldehyde) and methanol. C-clamp-splice morpholino oligo (sequence: GCCAGGGTCTGAGTATAGCAACATG) was injected at 10 or 20 ng in X. tropicalis embryos after natural mating, laterally, at the 2-cell stage.
Mutagenesis of the expression constructs
Mutagenesis of the C-clamp exon was performed in two separate PCRs. Two antisense primers with a mismatch in the middle to substitute the alanine for a valine were used. PCR 1 contained the Rev primer (GGTTGAGGCCAAAGCGAACTC-TGCATTTCTTAGG), PCR 2 contained the Fwd primer (CCTAAGAAATGCAG-AGTTCGCTTTGGCCTCAACC). After the initial PCRs the two products were put together without primers for twenty cycles. Hereafter, the initial fwd primer from PCR1 and rev primer from PCR 2 were added and another 30 cycles were performed. Afterwards, the construct was sequenced to ensure a full length product. The delta C construct was prepared via PCR with the reverse primer TTAGTCTGAACTAGAA-TCCTGGTGTTTTTC.
RT-PCR analysis of the C-clamp-exon
Total RNA was isolated via phenol-chloroform extraction. RT-PCR was performed with the Promega M-MLV RT-PCR kit. Primer used on the Cclamp-exon was GAGGCCAAAGCGAGCTCTGCATTTCTT.
Sectioning of embryos
Fixed embryos were embedded in Technovit 8100 and sectioned at 15 mm.
